Calcination of an oxide mixture consisting of 0.4 La 2 O 3 , 0.2 SrCO 3 , (1 − x)NiO, and xMgO at 800 • C results in an equilibrium between tetragonal (La 1−z Sr z ) 2 Ni 1−y Mg y O 4−δ phase and NiO-MgO phase. Forming rock-salt NiO-MgO facilitates the NiO to join the tetragonal phase. The size of the NiO-MgO phase in the resulting composite is reduced with the increase in MgO (the x value).
Introduction
Reforming of natural gas (mainly CH 4 ) into syngas (a mixture of H 2 and CO) is an important industrial process. Syngas is the feedstock of hydrogen, synthetic liquid fuel with ultra-low sulfur, and other value-added chemicals [1] [2] [3] [4] [5] . In addition, it can also be used to power solid oxide fuel cells (SOFC). The techniques of transforming methane to syngas include steam reforming, CO 2 reforming and partial oxidation. Steam reforming (CH 4 + H 2 O → CO + 3H 2 , ΔH 0 298 K = +206 kJ/mol) and CO 2 reforming (CH 4 + CO 2 → 2CO + 2H 2 , ΔH 0 298 K = +247 kJ/mol) are highly energy intensive reactions. The steam reforming of methane (SRM) has still been the primary commercial process of syngas production despite its high capital cost [6] [7] [8] [9] [10] . On the contrary, the partial oxidation of methane (POM), being mild exothermic in nature (CH 4 + (1/2)O 2 → CO + 2H 2 ; ΔH 0 298 K = −36 kJ/mol), is attractive for the production of syngas. Nevertheless, a lack of POM catalyst with both acceptable cost to industry and long-term stable catalytic performance is the major barrier to the commercialization of the POM process [11] [12] [13] .
Supported Ni catalysts are very attractive for industrial application because of their low cost and high POM catalytic activity. Nevertheless, most of the Ni-based catalysts are vulnerable to carbon deposition over the metallic Ni particles. Thus, ameliorating chemical resistance of the supported-Ni catalysts against coking has become an area of intensive research since the publication of Prettre et al. [14] . In consequence, different approaches have been developed to date to tackle this problem. Amid them, amalgamation of alkali elements [15] , alkaline earth elements [16, 17] , or rare earth elements [18] with different types of supports has received positive impacts. Doping Ni surface with other metals to form a surface alloy was also found effective [19] [20] [21] . More recently, Ni-containing perovskite oxides were identified to be a unique type of catalytic system for POM. This finding is related to the in situ generation of very tiny metallic Ni nuclei under the POM reaction condition [22] [23] [24] [25] [26] [27] [28] . The other noticeable progress was the development 2 Journal of Nanomaterials of a protective chemical environment for the Ni catalytic site in nanoscale. Ruckenstein and Hu found that MgO support can stabilize the nickel catalytic sites in the POM reaction due to the formation of a NiO in MgO solid solution [16] . Alternatively, Takenaka et al. [29] disclosed the water-in-oil microemulsion method for the preparation of nanosized nickel metal particles (5 nm) encapsulated by a 10 nm-thick silica shell. This thin shell was confirmed to enhance the POM catalytic stability of the Ni particles enclosed. More recently, Iriondo et al. also proposed that interactions between Ni 0 and MgO promoted the yield of H 2 in the product of steam reforming of glycerol [30] .
To achieve nano-Ni metal particles that are embedded on the surface of an appropriate support, we have developed a K 2 NiF 4 -supported Ni 0 catalyst that displays promising POM catalytic activity and stability. This outcome originates from preserving a small amount of NiO during the preparation of the precursor of catalyst, a double perovskite-type oxide (La 0.5 Sr 0.5 ) 2 FeNiO 6−δ [31] . In this study, the concept is furthered through utilizing the solid state reaction equilibrium between the two solid solutions: the rock salt NiO-MgO and the tetragonal (La 1−z Sr z ) 2 Ni 1−y Mg y O 4−δ (LSNM). The latter one is the major phase in the oxide composite. This design came from the observation of the calcination of an oxide mixture of 0.4 La 2 O 3 , 0.2 SrCO 3 , (1 − x)NiO and xMgO with the stoichiometry as indicated. The presence of a small amount of MgO changes the path of this solid state reaction. Namely, the reaction no longer produces orthorhombic and then perovskite structures with the increase in calcination temperature. Instead, the reaction produces a mixture comprising the tetragonal (La 1−z Sr z ) 2 Ni 1−y Mg y O 4−δ phase, the NiO-MgO solid solution phase, and residues of the other two oxides. With the increase in the stoichiometry of MgO from x = 0.1 to x = 0.5 in the feed, it is found that more NiO-MgO phase will be assimilated into the tetragonal phase at the same calcinations temperature. Hence, this phase transition allows realizing a low-volume fraction but highly dispersed NiO-MgO phase with dilute NiO in it at equilibrium. As a result, this leads to small sizes of Ni(0) clusters that are imbedded in the MgO phase after the mixture is subjected to the reducing atmosphere of POM. Through this synthetic route for Ni(0) clusters, the effect of MgO stoichiometry on the performance of the catalyst in POM was investigated from the fundamental perspective in this work.
Experimental

Preparation of Catalyst
Precursors. An oxide mixture of 0.4 La 2 O 3 , 0.2 SrCO 3 , (1 − x)NiO, and xMgO (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) were prepared by the Pechini method [31] . Stoichiometric amounts of metal (La, Sr, Mg, and Ni) nitrates were dissolved in deionized (DI) water, followed by the addition of citric acid and glycine. The mole ratio of total metal (La, Sr, Mg, and Ni) nitrates : citric acid : glycine was 2 : 1 : 1. The solution was then thickened at 80 • C until a gel was formed. The gel was subjected to calcination at 400 • C for 2 h, after which a fine powder was produced. The powder was further calcined at 800 • C for 1 h under ambient atmosphere to produce the catalyst precursor.
Partial Oxidation of Methane.
POM was carried out in a fixed-bed microreactor under an atmospheric pressure. The catalyst precursor (100 mg) was loaded in a tubular quartz reactor (I.D. = 8 mm). With the purpose of running POM at isothermal condition, CH 4 and air was mixed with an excess of He to form the feed stream with the volume ratio of CH 4 : O 2 : N 2 : He = 2 : 1 : 4 : 38. Although a low concentration of CH 4 in the feed stream was used, a very high hourly space velocity (GHSV) of 45,780 cm 3 /(g-h) at STP, which is equivalent to 2,035 cm 3 /g-h of pure methane, was set to operate the POM. The reaction temperature was set at 850 • C in this work, since it is known as the upper middle temperature for POM. The compositions of the reactant and product streams were analyzed by gas chromatography (Perkin Elmer ARNEL, Clarus 500) equipped with TCD detector. The methane conversion (X CH4 ), CO selectivity (S CO ), and H 2 selectivity (S H2 ) were calculated by the following formulae:
(1)
Characterization of Catalysts.
Crystalline structures of the catalyst precursor formed after being calcined at 800 • C and used subsequently in a POM run at 850 • C were determined by X-ray diffraction (XRD, SHIMADZU XRD-6000, and Cu Kα radiation) using a scanning rate of 2 • /min. The micromorphologies of the catalyst precursors were scrutinized on a field emission scanning electron microscope (FESEM, JEOL JSM-6700F). The images of the nanoscaled Ni clusters were obtained from a transmission electron microscope (TEM, JEOL JEM-2100F). Investigation of the surface state of oxygen species was conducted on an X-ray photoelectron spectrometer (Kratos AXIS HSi System XPS) equipped with Al Kα X-ray source (1486.6 eV) and the takeoff angle of 90 • with pass energy of 40 eV. C1s (284.6 eV) was used as the internal reference for this characterization. The adsorption/desorption isotherm of N 2 , the temperature-programmed reduction with H 2 (H 2 -TPR) and the temperature-programmed desorption with He (O 2 -TPD) were performed on a physicochemical adsorber (Quantachrome Autosorb-1 instrument). The specific surface area of a sample was determined by applying the multipoint BET method. The pore volume and average pore diameter of catalyst precursors were obtained from the N 2 desorption isotherm using the BJH method. The H 2 -TPR was performed using a sample of 50 mg and a gas (5% H 2 in N 2 ) flow rate of 80 mL min −1 . The O 2 -TPD was performed using a sample of 200 mg and a He flow rate of 80 mL min −1 . The heating rate 
for both TPR and TPD was set as 15 • C/min below 850 • C and 1 • C/min above 850 • C.
Results and Discussion
Impacts of MgO on the Solid State Reaction Equilibrium.
When a mixture of the metal oxides generated from metalloorganic gel (Section 2.1) is subjected to calcination, solid state reaction among the oxides takes place. The reaction extent and the composition of product depend on both the identities of the oxides and the calcination temperature. When the tricomponent mixture of 0.4 La 2 O 3 , 0.2 SrCO 3 , and NiO is subjected to calcination, an orthorhombic structure (La 1−z Sr z ) 2 NiO 4−δ (LSN) is generated at 800 • C, and then, a pure perovskite solid solution is resulted at 900 • C [32] . However, introduction of a small amount of MgO into the above trioxide mixture, for instance, 0. This trend can be discerned from the reduction in intensity of the peaks at 37.5 • and 63 • as the other peaks of the NiO-MgO phase overlap with those of the tetragonal phase. Accompanying this change, more tetragonal phase was formed in accordance with the rise of its main XRD peak areas (e.g., 2θ = 31.5 • and 33 • ). The other role of MgO is to impede the generation of perovskite structure even when the calcination temperature was raised beyond 900 • C. Moreover, accompanying the increase of MgO in the feed, the composite resulted from the solid state reaction at 800 • C becomes slightly more porous ( Figure 2 ). However, the BET surface area analysis shows just SEI WD 7.6 mm 5.0 kV ×10,000 1 μm little difference in the pore volumes and pore diameters amid the six samples, while the MgO content promotes the BET surface area of the samples to a finite extent ( Table 1 ).
In light of the H 2 -TPR analysis of the six samples of the composite, according to their XRD identifications, only the orthorhombic LSN and NiO or tetragonal LSNM and the NiO-MgO phases can be reduced under the condition of analysis. Each sample shows three characteristic peaks on its TPR diagram ( Figure 3) . The peak at the temperature around 400 • C (peak I) is ascribed to the reduction of Ni 3+  I   I   I   I   I   I   II   II   II   II   II   II   III   III   III   III   III   III   100  200  300  400  500  600  700 800 ions in the orthorhombic (x = 0) or in tetragonal phase to Ni 2+ [27, 33] . It is important to note that this peak becomes weaker with the increase in Mg 2+ doping extent. Peak II arising in the temperature range from 500 • C to 600 • C is due to the reduction of NiO, which is alone when x = 0 but mixed with MgO when x > 0, to form metallic Ni 0 . Peak III at the temperature higher than 700 • C is related to the reduction of a part of Ni 2+ /Ni 3+ ions in above LSN and LSNM solid solutions into metallic Ni 0 [34] . Thus, the last TPR peaks have basically similar peak areas except the first TPR diagram. The first diagram exhibits the strongest first reduction peak and the smallest last peak amid the six. It implies that a significant part of Ni 3+ ions in the orthorhombic phase has been directly reduced to Ni 0 in the lower temperature range as proposed above. The decrease in peak I with increasing of the x value is an indication of the drop of reducibility of Ni 3+ ions with more MgO being assimilated in the tetragonal phase. It is noteworthy that peak II also becomes weaker and shifts toward high temperature side also with the increasing of MgO. This variation is in agreement with the XRD results as exhibited in Figure 1 , which shows that the NiO-MgO solid solution diminishes with increasing of the MgO component. The rise of reduction temperature implies the NiO is better protected by MgO because of more MgO present in the solid solution. It is a clear message for the change of chemical environment of Ni 0 metal clusters generated through the reduction in the NiO domains. In this context, the higher the TPR temperature will be the smaller and the better protected Ni 0 clusters will be produced, and hence, the less reactive they are. As a result, an optimal tradeoff between reactivity and stability of Ni 0 clusters exists, which will be found when the resulting catalysts are assessed in POM. Furthermore, TRP peak III also signifies the degradation of the orthorhombic phase or a part of the tetragonal phase to La-Sr-O oxide, in which the Ni 0 clusters produced were to be imbedded in situ. This point will be further elaborated in the following evaluation of POM. Furthermore, we also examined the six samples downloaded from TPR measurement by TEM. Three samples (with x = 0, 0.1 and 0.5) were selected to check the generation of Ni 0 phase (Figure 4 ). Indeed, it can be seen that the Ni 0 clusters formed in the La-Sr-O oxide and in the MgO oxide decrease in number and size with the increase in MgO content. Typically, the heavy presence of Ni 0 particles in the first sample verifies the strongest first TPR peak this sample exhibits, which has been ascribed to the reduction of Ni 3+ to Ni 0 , since its third TPR peak is the weakest among the six samples.
The Oxygen
Desorption of the Catalyst Precursors . TPD diagrams of the six samples all exhibit two oxygen desorption peaks ( Figure 5 ). As to the first peak, which appears in the temperature range from 360 • C to 440 • C, its apex moves toward a higher temperature with the increase in MgO in the 4-oxide feed, 0.4 La 2 O 3 -0.2 SrO-(1−x)NiO-xMgO. This desorption peak has been ascribed to the oxygen molecules adsorbed at surface oxygen vacancies (α oxygen) [35] [36] [37] . Likewise, an apparent increase in the peak area is also observed with the increase in the x value, meaning that more molecular oxygen desorbs. The above discussion has concluded that the B-site composition, Ni 1−y Mg y , in the tetragonal LSNM has a higher y stoichiometric coefficient with the increase in the x value in the feed. This divalention doping is to cause a higher concentration of oxygen vacancies in the LSNM phase, that is, δ. As a result, the concentration of molecular oxygen adsorbed at the surface vacancies including nonstoichiometric oxygen increases, or the oxygen storage capability mounts. Correspondingly, with the increasing of the y value, the adsorbed molecular oxygen requires higher temperature to leave the adsorbent.
Regarding the desorption peak arising in temperature range from 600 • C to 800 • C, it is attributed to the desorption of lattice oxygen (O 2− , β oxygen) [36] [37] [38] . This desorption occurs accompanying the reduction of a certain number of Ni 3+ ions to Ni 2+ ions in order to balance the positive charge generated. It is worthy of note that the MgO content (the x value) in the solid reaction mixture affects the extent of desorption and desorption temperature as well. When x = 0, this TPD peak was substantially weak, but it turns to much stronger and shifted to a higher temperature with the increase in the x value to 0.1. After that, the peak area increases gradually with the increase in the content of MgO. It is expected that substitution of Mg 2+ for Ni 3+ in the B-site of LSNM would enhance the ionic bonding T ( • C) nature, which can be proved by the increase of the charge on the lattice O 2− ions by O1s XPS, and hence promote the mobility of lattice oxygen. At the same time, with the increase in the concentration of lattice oxygen vacancy, the desorption temperature increases, implying the restriction to the desorption of lattice oxygen. From the TPD result, the restriction factor can be overcome at a relatively higher temperature.
The chemical environments of oxygen species in the composite were also investigated by XPS. All the six samples exhibit two peaks at 529.5 eV and 531.5 eV in the O1s spectrum ( Figure 6 ). The former peak has been ascribed to the lattice O 2− (O lattice ) while the latter one to the surface adsorbed oxygen species (O ads ) such as -OH [39] . The Table 2 . Clearly, the ratio decreases as the increase in the MgO dosage. It is, therefore, suggested that the concentration of the adsorbed oxygen species be promoted by the oxygen vacancies in the tetragonal LSNM. In addition, we also notice that the binding energy of the lattice O 2− slightly reduces with the increase in the Mg 2+ doping (the x value). It could be interpreted as the promotion of ionic character of the lattice oxygen due to the induction effect of Mg 2+ ions, which makes the lattice oxygen more mobile because of the decrease in the covalent component. accompanying the increase in MgO, the Ni 0 clusters become smaller in these two locations. Under the POM condition, the nickel ions in each sample loaded are to undergo the reduction similarly by methane to form Ni 0 clusters, namely, in situ generation of the catalytic sites. After the six samples (or precursors) were loaded respectively in a fixed-bed microreactor, it took about 8 hours to fully convert them to the desired catalysts (i.e., activation) under the reaction condition (Figure 7) . Then, the evaluation of their POM reactivity was carried out over a reaction course of 50 h at 850 • C. We selected a low-CH 4 feed stream but a high GHSV to evaluate the catalyst. This arrangement could be more sensitive to reflect any loss of catalytic activity than the use of a higher concentration but low space velocity, since methane has a shorter residential time in our setting. The catalyst with nil MgO could retain a CH 4 conversion rate of 78% for around 12 h before declining. At the end of the reaction, the conversion dropped to 58%, and this loss of activity is attributed to the formation of a large extent of carbon filaments on the metallic Ni 0 surface (Figure 8(a) ). Besides susceptibility to coking, this catalyst has the highest Ni content, but the Ni 0 sites were apparently not fully used. Such a performance can be traced to the large Ni 0 particles present in the catalyst as shown in Figure 4(a) , namely, presenting a poor Ni 0 dispersibility. In contrast to this, the incorporation of a small amount of MgO (x = 0.1 and 0.2) into this catalyst system brought about tangible improvement on the catalytic activity. The catalyst with x = 0.2 displayed the best performance indicated by conversion and stability. None of carbon filaments were found on the catalyst downloaded from the reactor (Figure 8(b) ). A scrutinizing of the TEM images can find that carbon filament grows from Ni 0 particles of about 20 nm Figure 8(a) , while the Ni 0 particles in Figure 8 (b) are smaller, and many of them are surrounded or partially surrounded by a layer, supposedly to be the mixture of La-Sr-O and MgO as proposed above. Alternatively, the catalysts with higher MgO doping extents (x > 0.2) resulted in monotonic reduction in the conversion rate. It has been aware of the roles of MgO from the above elaboration: facilitating entering of NiO into the tetragonal phase, suppressing reducibility of the tetragonal phase, and reducing the amount of NiO/MgO solid solution as well as the NiO content in it. Hence, the reactivity declining is not unexpected because of the reduction in both the number and exposure of Ni 0 clusters, which has been unveiled in Figure 4(c) . In addition, XRD patterns of the three catalysts (x = 0, 0.2 and 0.5) after POM of 50 h were collected (Figure 9 ) for further examination. The Ni 0 cluster peak arising in the three diffraction patterns became weaker with the increase in x value. It is, thereby, confirmed that the catalyst with MgO doping level at x = 0.2 balanced the need of both activity and coke resistance. In the meantime, only the XRD pattern (x = 0) displayed strong carbon peak, indicating its heavy coking extent, which is plausible to the preceding TEM observation. In addition, the figure also shows that the catalyst with the highest MgO doping (x = 0.5) could retain to the highest extent the tetragonal phase. This evidence supports the decreasing of the reducibility of the tetragonal phase with the increasing of MgO doping observed from the TPR analysis. 
Effects of Active Ni
After clarifying the influence due to the presence of MgO in the catalyst precursor on the POM catalytic activity, we then looked at the effect of reaction temperature by using the catalyst precursor with x = 0.2 as the model system. The precursor was first subjected to activation for 10 h at 900 • C in the microreactor before checking the composition of outlet stream. At each testing temperature, a three-hour dwelling period was set before collecting the experimental data. The catalyst was very stable at each testing temperature, whose performance data are summarized in Figure 10 . The methane conversion (X CH4 ) levelling off at 900 • C claimed the maximum reading of ca. 93% while both CO selectivity (S CO ) and H 2 selectivity (S H2 ) reached ca. 97% at a lower temperature of ca. 840 • C. This phenomenon suggests that the catalyst have more powerful methane combustion and carbon removal trend than methane cracking at temperatures below 900 • C. The details will be elaborated in the following section.
Promoting Catalytic Removal of Coke Deposit.
Increasing the MgO component in the precursor enhances the tetragonal phase stability against reducing action of methane and syngas. The benefit of retaining the tetragonal phase lies in reserving oxygen vacancies ( Figure 5 ) to assist the catalytic combustion of methane and removal of deposited surface carbon (Table 3) . Noncatalytic methane combustion 8 Journal of Nanomaterials happens at temperature as high as 1300 • C, while an effective catalyst could lower the methane combustion temperature to as low as 400 • C [40, 41] . It has been generally agreed that the POM mechanism involves two consecutive reactions, that is, methane combustion (2) followed by H 2 O/CO 2 reforming ( (3) and (4)).
The methane conversion is determined by the methane consumption rate through the reactions (2), (3), and (4). Under the present experimental condition (CH 4 : O 2 = 2 : 1 and T > 700 • C), reaction (2) could rapidly reach its equilibrium and contribute to the methane conversion by up to nearly 25%. Therefore, reactions (3) and (4) contribute the main part of methane conversion. The reactions (3) and (4) proceed through the pyrolysis mechanism, in which the methane is first cracked on the metallic Ni 0 particles as shown by step (5) to form coke [42] . The carbon species generated are subsequently removed via the reactions ( (6) and (7)) with water and CO 2 produced from the combustion (2) [31, 43] .
The C s removal rate (R re ) is the summation of C s removal rates of reactions (6) and (7) . When the C s removal rate (R re ) is greater than the pyrolysis rate or the carbon deposition rate (R cr ) (5) , no filamentous carbon will be formed over the nickel catalyst surface. The catalyst with nil MgO doping permits prevalent pyrolysis owing to the presence of aggregated Ni 0 particles (Figure 4(a) ); hence, the coking was inevitable as proved by micrograph ( Figure 11 ). On the contrary, with the increase in MgO doping extent, the number and sizes of Ni 0 catalytic sites were reduced and some of them were shielded by La-Sr-O and MgO as pointed out above. This obviously led to reduction of the methane pyrolysis rate (the R cr value). On the other hand, the tetragonal phase preserved during POM can contribute to the C s removal (R re ) via supplying lattice oxygen. The methane conversion due to steam reforming (4) and dry reforming (3) is determined by whether R cr or R re is larger. In the low MgO doping extent range (x < 0.2), R cr > R re , the methane conversion increases as the doping of MgO rises, on the contrary, in the high MgO doping range (x ≥ 0.3), R cr < R re , the methane conversion decreases as the doping of MgO rises. Consequently, the catalyst with MgO doping x = 0.2 realized a marginally greater R re than R cr , which prevents coking but also maintains the highest methane conversion and maximum CO and H 2 selectivity. Figure 11 : Schematic representation of the filamentous carbon fiber formation process during POM reaction.
Conclusions
This work started with the attempt of utilizing the solid state reaction equilibrium between the rock salt NiO-MgO solid solution and the tetragonal (La z Sr 1−z ) 2 The equilibrium shifts to the tetragonal phase side with the increasing of the stoichiometric coefficient x. The XRD characterization of the resulting oxide composites proved this shift of equilibrium. Furthermore, the chemical environments of nickel ions were scrutinized using temperatureprogrammed reduction (TPR). It showed that the LSNM becomes less reducible with increasing of the Mg 2+ doping extent, similarly the rise of MgO content in the NiO-MgO phase lowers down the reducibility of it. The lattice oxygen vacancy concentration in LSNM was examined by means of temperature-programmed desorption and X-ray photoelectron spectroscopy. The above composites, when employed to catalyze the partial oxidation of methane, released two types of Ni 0 sites as indicated by TPR: those embedded in the matrix of the reduced tetragonal phase and those embedded in MgO. The latter one was proven to be the main catalytic site as it existed as nanoparticles and more exposed relative to the former type. As a result, the methane conversion rate attained its climax with using the composite possessing stoichiometric coefficient x = 0.2 as the precursor of catalyst. On the contrary, the precursor with x = 0 turned out to be low reactive and heavily coke deposited on Ni particles. Increasing x level in this range boosted the dispersity of Ni clusters, which were also embedded in MgO matrix. However, the higher MgO contents (x > 0.2) led to decreasing of methane conversion rate. This outcome is attributed to a short of the Ni catalytic sites due to the reduction of the NiO-MgO phase with the increase in MgO dose used. The location of Ni clusters (in MgO) and the decrease in reducibility of the tetragonal phase contribute to coke resistance of the catalyst. From viewpoint of POM mechanism, the reduction in Ni 0 clusters lowers down the pyrolysis rate of methane on the clusters but raises the reforming rate of the coke generated.
